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I. - BnzyniB Activatton of Drags ' 

The term prodrug, wfaich was oslBd initiaDy 1^ Albeit,^ refers' to a phaimacb- 
logically inactive compound that is converted to ah active drug by a metabolic 
btotiansfonnatipn. A prodrug aliso can be activated by a nphenzyinatic pn>- 
cess such as hydrolysis, bat in this case the conqmonds usually are inherently 
unstabte and nuy cause stability pn>blems. The proditig--t(Kdn:|g conversion 
can occur bdfore absorption, during absorption, after absbiptx)n,'or ^ a spe- 
cific site in the body; In the ideal case a prodrug is converted to the dimg as 
soon wS the desired goal for designing the prodrug has been achieved. It 
should be noted that although the compounds discussed th tins chapter : are 
illustratiye of the £^}proaches taken for the design (rf pro^biigs. many of than 
have not been approved for medical use. 



A UtflNfof Prodnigs 

There are numerous reasons why one may wish to utilize a prodrug stiau^. in. 
drug design^. SpeciAc examples of each of these categories are given in Section 



:;; i."Sohibffi|y-" v • V'^o/' /.;.'v' 

\; g«|^^^an^ sohible in water m that it 

be m a sman dose. A water-wrtuWe groi^ coiild be atSd^SSS^ 

could be metaboKcaDy released after dnig adSiS. 

•■• 2.' AJbsmptioDand.'iib^ 

If the dnig is^^^n^ target »te in kdffiS^^^^^ 

Specificity for a particular organ or tissued be imid^ If tt^^ o«;i v u 
c»ave the awropiiatc iqipaid^ from the piodn^j and immask the drvg. 



t^ ^^!^^ meteboliied and rttidered ir^tive to wh^ it 

6. Tozldl^ 

t^rVn. ^ ^ ^ ^"^^ ^ would hive a greater therapeutic 
. to the active form only at the site 6t action. ! ™ was converted 

7. Pomr Patient Acc^ptebllity = ' : • 

^ ^y^ Avg may have an implewant taste or wJor, produce gastric irrita: 
Ihe al^ered.drug can be metabolized to the active drug. . «™»isicreq. 
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aS4 ' ; ^^^ppradn^iHidOntg'IM^ 

' 8L Fomnriitfoa PtoMenB 

If the ding is a volatile liquid, it Would be more desirable to pr^wre it in a solid '. 
fohn so that it could be f onnulated as a tablet. An inactive solid doiSrative- 
could be prepared which would be converted in the body, to the aidiye diug. . 

There are several dassificationa of prodrugs. Some jntiidrugs are .npt designed . 
as sudi; the bi«ytrantforinatidiu are fortuitous, and it is discovered sifter,^ 
ticm amd testing of the:metiBb(dites that activation of the driig had occurred, in . 
most cases a specific mbdificBtion in a dr^g has been made on the basis of 
. known metabolic transfoimatiom. It is expected that after administratioh it 
. wiD be a ppropt ia tely. metabolize d to.tbe. active form. This 1^ bm:teme^ 
dnig lateittldHon to sigiiify the ratipoal design approach rather than seraadip- 
Ity.' The tarn dnig latentiatioa hai been refined even fbrtt»r.by Wen^nth^ 
into two classes which he called camer>liiilced prodrugs and bippfecursors. 

A carrierMnked prodrug is a conqpound tlsit contains an active drug linked 
to a carrier group that cajn be removed enzymatiqilly, sadh as an ester which .. 
is hydrotyzed to an active doboxyUc acid«o^^ 

carrier group must be labile enougli to aOibw the:active dreg to' be released 
efficiently in vtoo, and the carrior groiq> must be noixtoxic and biologically 
inactive when detadied from the drug. Carrierrlinked prodnigs can be siibdi<; 
vided even further into bqiartate, tr ipart ate^ and mutual prodrugs. A bipartate 

. prodrug is a prodrug conq^rised of one carrier attached to the drug. When a 
carrier is connected to a linker arm which is connected to the drug, .the -tem 
priparmie prodnig'iA used. A mumo/ prodhv- consists of two, .usually syner- 

jgistic, drugs attached to each other (one drug is the. carrier for ^ie;othcT and 

'vicevCTsa). 

A bioprecursor is a compound Hbsit Is metabolized by molecular modificar 
tion into a new compound which is the active priiic^;iie or which can.be^ 
metabolized fkutfaer'to the active drug. For exanqile; if the 4n»g contains- a 
carboxylic acid group, ^e bioprecursor may be a primary amiiie ' which 
metabolized by oxidation to the aldehyde which is further metabolized to the 
carboxylic acid drug (see Section IV3>l>e of Chapter 7). Udike a cairia'- 
linked prodrug, which is the active drug linked to a carrier that generally is 
releaaedbyahydrolyticreactioa,aUbprecursorconta^ ^ 
that cannot be converted to the activie drug by simple cleavage of a group from i 
the prodrug. 

- The .concept of prodrugs can be; analogjyed to the use of protecting groups | 
in organic synthesis.^ If, for example, yoii wanted to carry out a reaction on a.| 
compoond that contained a carboxylic add group, it may be necessary .first t 
protect the carboxylic acid as, say, an ester, so that the addic proton of tbef 



tProdflllLfion 



... -355 

t^iinaskcd by i^t^o" ^^^C^ caiteyhc add analog couW be 
TKis is analio^^iSh^ «»ter:{Sdk5«ne 8.1A). 

iised to^^^Sii?^?!^ ^ ftmctionality ian be 

prgamc synthesis is one whiTh^^,*.^^^ 
«roup. For example- TtSSS^^ 

al<^*yde.fand^akieh^SS^ an 
8^ i«mxide (SdiemellB^^ 

sttuctural cha^^ is required to n^ ^d^^^SSf"ri^^; ^ 
common metabolic biotmnsfonnatioSI^ w^,^^ « » 
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P'otecMng group enatogy tor afModriig. 



cxaoirfe, for differ. •>^SfS^b?SyS^^ 



f Crttor Unlri i igr, far Varioos 
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find Ikug.DeOvny ^fstems .- 



ladon of electronic and steric fectors. Therefore, a inudtitude of csterpnxb^ 
can be prepared to accraunodate a wide variety c^^pbkms that reqiare the V 
prodiug Bpptpaidti, ■ 

AIcoh<d<bntaimn8 dhigs can be BcylatMl'v^ 
ylic acids to decrease water sohibSlity (incre^ jq>^hiHdty) or with caibokr 
ylic adds cohtaining amino or additional caiboxyl^^ gro waier 
solubility (Table 8.1).^! Conversion - to phosphate or sol&te esters also in- 
creases watei* sohibifity. By using these aiqnoache^ a wiidii range of sc^bili- - 
ties can be achieved that .will affdct the absorption and distiibuticHi properties. ; 
of the drug. These derivatives alsp can.bave an importaiit effect on the dosage • 
fonn , that is« whether used in tablet form or in aqneoiis sohitloii. One probleifn 
with the use of this prodrug approach is that in some cases the esters are not 
very good substrates for the endogenous esterases, sutfatases; or phospha- 
tases, and they inay inot be bydrolyzed at a rapid fsnoiJigh: rate. What thsi 
occurs, bowev^, a different ester can be tried. Afliodier approach to acceler-. 
ate the hydrolysis rate could bie to attach etectrm-Tntlidrawing grQA^ Of a 



TiM* t,1 Ester ^talogs of Alcohols as Prodrugs 
Dnig— OH ► Droff-OX 



CH^CH^OOO- 



5^ 



(RsalQifaatic oraraiiiatic) . 
-5) 
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fc'l^SlI^^'^r-H^ ^ '**^^) " eiecthHtiiialinggroiq^ fif an acid 
hydrolysis mccham^n is important)' to the cartx>xytoi^Jdr^the^ 

f^T^ff^!^ used to accelerate the rate of hydnaysis by irit^^ 
l^ajl^ysisCSc^^^^ 

^ndedUiat cause stenc hindrance to hydrolysis. Alcohol^ontaining drugs 
SIS in the acid|c mednim of the gastrointestirial tract/ \. .. . 



Intiamoleculair hydrolysis, of ^uoclhats os&re. 
^; Carboxjdic add-cor^^ 

denvatized drug can be adjusted by appropriate stnictim,! m^nlp,.iot|ffnB ifa 
stoker rate of ester hydrolysis is desired, long^Jiaiii aliphatic or stcricany 
hii^red csten can be used, is too slow, addition of dectroiK 

jwaitowinggroiqw on tfap alcobolpait of the ester can increase the rate. The 
px; ^ a «itoxj^c acid can be raised; 1^ omy^rMon to a cholhie esu^ (M, 
^J' K^r Me; pi:.-- 7) or an ainiiiQ ester (8 j; R » H, .R* « H"6r Me; 




^rdysB. Actiyatal anndes, generally of tow basicity amines, « aiSSof 
ammo acids are more susceptible to enzymatic cleavage 



Tiblt M Prodrug 


Anaic^ of Amln^ " ; 
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rprodnigs and Dnig Odhniy 



cazbamates in general are too stable^ plKnyl caibamates (RNHCpiFlO, are 
' rapidly cleaved by pUsma enzymes,' kidv 'therefore, they can be . used as 
prodrugs. ' . ■ ' 

: The pJST. values <^ amines can be lowered by approximately 3 units- t>y. 

' C(mveidon.tO! their N'Manmch . has S^. CHshniGOAr): This 

' loweratfaeba^dty oftheanmeso'that aip^ 
mcrfecdies are protonated, thereby increasiiig its l^xiphilicity. For example, 
the piartidon coefficidst (see Chapter 2, iSecidon II ,E ,243) between octanpl ^nd 

. phosphate buffer, pH 7.4. for the N-Manmch base R » C^iNHCQPh) 
derived &om ben^^mide and the decongestant phenyjl^irc^nnlainine (8^»- 
R H) is almost 100 times greater than that for the parent amine.? However,': 
the rate of hydrotydb of jy-Maiinich Iwues depiaods on .flie amide carrier 
group; salicylamide and suodnimtde are'miore susceptibld to' hydrolysis than . 
is benzamide.*(> ■ ; . 

Another ^ph>ach for lowering the pJT. values of amines and/ thereby,- 
naaking them, mipre lq)pphilic, is to convert thein to imines. iSc/^ bases); 
however, insnea .oAen:are too labile in aifneous sohitioii. The aotiobiivMlsant 
agent progabide is'a prodrag fonh of r^ioimobutyiic acid, an unpprtant 
hihibitory neurotransmitter (see Chapter 5, Secttcm y,C,3i^). The IqKqpfaiUb- 
ity o[S3 allows the'conqKiund to cross th^ blood-brain bariier;.oace in^de 
ttie brain it is hydrailyzed to 7^4munobutyric acid." 




c. Cmboayl Comptmnih* The most important prodrug foims of aldehydes , 
and ketones are Sch^ bases, oximesi acetals (ketals), enol esters, oxazpli- 
dines, and tbiazolidines (Table 83). A moic bompiete i^iew.of Mcirevenible 
derivatives 0^ tlM fimctioaal groups was writ^ 



• ; A. Pinkbvgt for Itmaaed Waitr SobAOityi ' Pte±aa6lone (M; R «J 
: R' = H) and inethylprednispiotte (8^; R = CH}, R' » H) are {wbrfy wataf} 
soluble ccnticosteroid drugs. In order to permit aquecHis irgectimi or bphtfaa^ 
tntc delivery of these drugs,, they must be coiiverted to water-soluble f 



ftMedanisrasofftodruj 
>l* ai Pnidnig Analogs of Caitw^ 



.. V : 



such as one of the ionic esters described in Sf^txi^ n a i i» . 

^ ^^^^y^^^^^^'f^i^lT' ^ •««»»«««^ With 
<rf tl» drug aJS^^S,2l»^S^ 

?|h«^tohav» shelf HVt, tosdhitiT^S^S^^^!^^ 
ture.« Ester hydrolysis studies of thewW.^ W^S,^^*™^ 
seramindicaled Oat derintfiiiai i..J2!r^ ^^'^'^ " human and monkey 

. 1 ; • Me pwhiy or not bydrolyzed, but compounds with a ' 
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. Prodrugs and Drug Odhiny Siistems 



CBtibiiic (teitiaiy amino) sohibflizing inoiety are hydnAyzcd raiRdly by senim 
as a watei^hiMe prodng fiy. predniiiolone lhat is activated in idoo by pltos^ 



■Xlie local anesthetic benzpcaine CBjJ, R » H) has been converted to «ater> 
- sohiUe amide pradnig fonns with vadobs andno adds. (8J5; R » NHr. 
CHR'CO): amirtascv-calalyzed hydrolysis in hmmm- senmi cccun ra|)idfy.^ 



. Another prodrug a{:^roadi is to design acyclic derivatives that are en2;ymat- . 
icaUy hydrolyzed to a product that spontaneously cycUzes to the desired (fapg. 

■The iMinwidiaMpin^ trnmyriKggr ifiaTepain (3^, ScbemC &3) is VOy Sparijogly. ' 

' water sohibie, but the open chain amino ketone.coopled to an amino add or' 
peptide is a stable, fredy . water-solnble pro^ug (BUQ; m peptidases hy> 
drolyze tl» peptide bond, and the resulting 2^iTiin6nretaniidobenzophenjDne 
analog (8.7) spontaneousfy cydizes to. give the bcModiazepine,"'** The rate 
of in oIpo hydrolysis of the peptide bond dj^picnds on wfaich L-aodiiQ^acid .is 
attached; peptides derived fiom Fhe and Lys are deaved mach-fiis^Vthan 
those fixnn Gly and Glu. The rate of cydization depends on the siibstitnents in 
the phenyl ring and oh the amide nitrogen. Although the cydization of 8.7 to 
M occurs with a half-life of 73 sec, that for the coxrespondiiig Mdesmethyl 
: analog is 15 iniii.As.an eimmplft of bow effective this approach is for increas- 
ing the water solubility, the benzodiazepine triazolam ^J^, R = CI) has a 
solubility oi 0.015 mg^il at 25* C, but tlu; correspondtiig opc»-chahi giycyW 
aminobenzpphenone derivative (HQ salt) has a solubility of 109 mg/ml;" A 
'similar prodrug approach was taken for the benzodiazepine alprazolam 08.9, 
.R-«H).M ■ . • 




SdiMM SJL Bonzodiazopirw prodrug sdlvfllion. 

Prodrag^ for Impnived Absorption and DlsirUmtiou, The skin ,is .< 
signed to maintain the body fluids and prevent absorptibn of xenobiotics in^^ 





fijMeeftiitonsof 

^ hydroxy! groups ^SS^^"^:^^ 
tte keratin. O?!rticosteroids f6r the to^^ 
gic. and pruritic skin cobditidns «^ 

tiqn by esterffic^^"^^^^ smtabic for topical absorp. 

formflammaloryandpruritie^ 

^ esterase releases the dnig.^^7^ ' ^''Wgh the skin 





Wvaloylepjnephrine (dipivefrin; 801 R i i4g:^r-r\\ ^ 
anuglaucoma drug epincplirS^SS R = m i.^'S^ ^l." ^ 
«W«a than is c^L^Sr^S^ fJ?^* " aWe to penetrate the 
esterase kctivitT^T*^^ : ■ ™" ^ aqueous humor have sigiiificant 




r-.; 
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and OHiQ OBUvBfy^S^fitBBis * . 




protect the centxBl ocrvous. system even further. OjosequenttyV inolecuW 
size. and lipcqilulicity are oftciii necessary, not nifiBcienk, criteiu-fi^^ 
c^try iiito the biBin.? Also, once the ding has entered tl^ brainV 
modified so that it .does not escape. 

~ Bodor and co-workers have devised a reversible redox drug delivery sys^ 
tern for getting drugs into the central nervous system, and then;' piKe in,: 
{preventing their Mux,^^ The apinoach is based on tfie nftnchment of a 
hydrophilic drug to a Iqibpfailic canier (a dihydropyridine, 8 j3) thereby dak- 
ing the bipartate prodrug overall lipophilic (Scheme 8.4). ChK:e td^e the 
biun, the lipophlUc'cahier is converted enzymatically to a higtily hydrophilic 
species (844), which is then enzymaticany hydrblyzed Intck to the drug anid 
Ar-methyin£cotinic add (8 J5) whkh is eliminated from the braiii. The XH 
group on the drug is an amino, hydroxyl, or carboxyl groiq>. When it is a 
caifaotx^c add, the linkage is an acytoxymethyl ester (BJtf); wfuch decon- 
poses by the reaction shown in Scheme 8.5. ilie ondation'of .die'ldShydi^ 
dine (9*15) to the pyridinium ion (8JL4) (half-Ufe generally 20-50 iniiO prevents 
the (bug from escaping out of the brain because it becomes charged, liits 
drives the equilibrium of the hpc^hili^ throo^ioat all of the 

~ tissues.of the body to &vbr the tnain.. Any oaddatidn occuning outside of die. 
brain produces a hydrophilic spedes. tbat can be rapidly efimmated fioin' the 
body (see Chapter 7), The released oxidized carrier (8J5) is relatively, non- 





'OtMochsnisinsef Piodnig 
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BA. HydrolinM^ of acytoxyinetfiyl e 

tojdc and easily ^ this is a canier-linked 

prodrug, it lequheiB enzyn^ drug to the brain. The 

■ pxidatibn re^actidii.is ia bi^predus^ reaction (see Section n3,2,c). '■: 

An example of this approach is thie bhiin delivery <rf /S-la^tam ^tibiotics for .. 
i tire p6ssU>Ie !frea|toent of bacterial, meningitis. The (hffi in 'puirging the 
. . central nervpiis systiem of mfectioiis arises from the &ct that the cerelro- 
spinal fluid contains less than 0. 1% dTthe nuinb^ of immunbcoini>etent leuko- 
cytcs found in Oie blood and ahnost no iiiiununp^obins ; cphsecpieptiy, aioti> 
bbdy generation to these/foreigh ' organisms is' hot significant; .Since the ' 
/Sfrlactam antibiotics are hydropiiific; they enter the brain v^ slowly, but they '. 
are aptively trsA^rti^ the blood. Thdrefbre^ they ai« not as efifec- 

tive in the treatment of brain infections as elsewhere. Bodor and c6>w<»rkers^ 
prepared a Variety ofpcnicilliii prodrugs attached tp/the diHydropyridine caiv 
ridr tfanMitgli' various linkers (jUT) and showed that js^lactam aintibidtics tpuld 
be delivered hi high ccincenUvtiinis mtto the brBiii: 




As : was discussed in Section V,C,3,a of Gh^ter 5, increasing the braiit 
concentratibn of the inhibitory neurotransmitter ^-^aminobutync acid.(GABA) 
results in anticonvulsant activity^ However^GABA is too polar to joxMs' die 
blood— ^i^n barrier, so it is not an effective anticonvidsant drug, in order to . 
Jncreaise tb^ lipophtlkity^ GAB A, a. series of r-aininobutyric acid and 
. y-aniinobutync Schiff bases were synthesized, Progabide (83) emerged as 
an effective liixyphilic analog of .GABA that crosses the btobd-brem barrier. . 
releases GABA inside the brain, and ishows anticonvulsatnt act^ 
. . Abother related approach for anticcmvulsant drug design was the synthesis . 
of a glyceryl lipid (8.18,. R = liholenpyl) containing one GAB A molecule and 
one vigat»trih molecule, a mechaiusin<4)ased inactivator of GABA aumino- 



% 



m 



.transferase and anticonvulsaiit drag (see Sectum V.C3>a of Chapter 5)> This , 
eotapovnd inactivates GABA axDnkstzansferasein miro only, if braiii ester^es 
art added to . cfeave the vigabatrin fiom iiie ^yceryl l^»d. .It also, is 300 times 1 
inore potent tl^ vigabatrm, in vibpl presiunabiy because of its increased 
■ability. tOjBiiter-the brain. 




In the above exanq^es, the Iq>ophili<aty of tl» dra 
they could diffuse through various membranes/ Another approiEfcch for 
specific drag delivery is to design a prodrug that requires activation an 
enzyme found piedomiiiairtly at tbe desired site erf action. For example, tumor 
oeDs contain a higher dsncentration of phos^^ amidawr than do 

ikonnal cefls. Conseiiueiitly, a prodrug of a cytotoxic agent could be directed 
: . to tumor ceUs if either of these enzymes, were inqiortant to the prodrug actxya- 
tion. process. .l>iethylstiIbestrDl d^hbs^^ R « FOi') was. destgned 
for site-q»edfic ddiveiy .of dfediylstilbestnd Oi>19, R » H) to prostatic carci- 
noma tissue.?^ ^ general* thongfi, this tumor^sekctiye approach has not 
-been very s o oces s fiil because the a ppr o pria te prodrags lire tOQlpblar to reach 
the enzyme site, the relative enzymatic selectiyity is insufflcieiit, -aiKl the' 
tumor perfusion rate. is top jioor. 




d» Prbdm^ for SuAUitj. Some prodrugs protect the drug from the 
pass^fect (see Section I ctf Chapter 7). Pnqjnuudol (&.28. R = RV » H) 
widely used antOiypertensive drug* but because of first-pass elinmi^ydon^i 
ocal dose has a much lower bioavailability thanrdoes^an ihtravencKis 
\ tu». Tte mqior metabolites (see Chafer 7) are propranolol 
(8^, R ^ H, OR' » ^ucnromde), p^hydroxypropranolol (8.20, R » Qi 
R' « H). and its O-sJucuronide (SJO, R = OH, OR' « ghicimniide) 
hCTiisoccinate ester of propranolol (8 JiO, R = R' => C(X:H2CH2COb] 



1 




D. Mechanisms of 

greater than when 1^ 8 times 




8.20- 



i«'^^&^t^,^^^f^^, tt«atoent ^opioid addiction, is 
»»«fcn»e, extensive 6r^^!^b^^'°^^ ^^<»'tycr, it 
n-unely. the ^lOir^iul^^MM^n^r^^ Ester prodrogs. 

. speetively. telwive^gSi S'^'* l-oavaibMifr 45. 




^?«« tl« dn« is taken iSJS.^^ 

Pa»«nt noiicoinpliam*Vf4) WhinrieTrfi!.; ""Tr fT^'WS"' release minimizes 

U>e peaks and valleys of "^^^^^ 
Because a coiatant lower CM^SS^.h'^ '^t ^ °^ « 
*«« the possibility Oi i^^^^Ta^iS^ « being released, it ie- 
smj efifects. A coniL. ^^^^^ '^ f "^ gastrointestinal 
tn^i^ chain afipIiSS S^^^°Lt" j^l"^ to 
•ftotoflgedrdeasednigs ! 



r^odnigs snd Onig Dfilivery(^itBin5 

quilizer. Howeyer. peak plasma ievds are observed between 2 and 6 hr after 

admuustrationi Haloppridol decanoale {SJl^ R y .p^^ 

is iiQected iatnumiiwQlaity as a solution, in sesame antifoycbotic 

activity lasts fior about 1 mpntlu^ The ahti^ycbotic flqpl^^ 

R « also has a short duratioa of activity (6-9 hr). Fiiq>hetiazi]>e enamhate 

[8 J3, R » CC>(CH2)sCH3] and fliiphenaziiie decanoate: t9^»: R ^ 

CCXCHa^^CHJ, howeyor, have durations of activity of about a iDpntfa,^V 





8.2f 

■: /. Prvdru g f to Mimimiu ToaOcUy. The prodrugs thai were designed for 
inqnpved absorption (Sectipn II^,2»b), for ante specificity (Section II^»2;c); 
for stability (Seption.ltA,^,<Q, and for slow rdease (Section II;A.;2,e) also 
lowered the tquaty of tlie drag. Fen- example, epin^hrine (8 Jl. R « . HQi Csee 
Section Ii;A^\b), used in the treatment of gliuibonia, has a number of bcdiar . 
and systemic side effects associated with, its use. the prodrug, dipivaloyler 
pinei^hrine (8jl, R » MeiCCO), has been :slK»wn to be more potent than 
epin^biinc in dogs and rabbits and nearty as effective in humans^ widi a 
sigmficantly improved toxicdqglcal profile con^xsred whh epinephrine'. . 

Another exan^e of the utility of the prodrug ^ppiiOKach to lower the toxicity 
of a drug can be found in the design of aspirin ^^, R = H) analogs.^ S^ 
effiscts associated with the use of aspirin arc gastric irritation and bleeding.1.': 
The gastric irritation and ulcerQgenidty assodated with aspirin use may resoIC'.l 
from an accumulation of the add in the gaslric nmcosal cells. Est^ification o^^| 
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Conversion of the nonsteroidal anti^nfliunmatc^ (antiarthritis) drug 
tofanetin sodiiim i!i;24, R 0~ Na^) to the corresponding glycine coiyiigate 
(Mi, R » NHCH^OOH) increases the potency and extends the ^tak ccm- 
oentration of totintetin fivni 1 to about 9 tin because of the slow hydrolysis of 
the prodrug amide linkase.^ 



:'tL Ifechanteiis 



FActlvatibn 



(the /.SSSS^.S^i'''^^ 
^ for «teS*tybS^in^ is about 2 to. but 

be chemically hishlv «t»M«. k..» ™— 2 ; vtaWWitjRi) were found to 




for the lack of pMient^S^^^'?'^'^ "^J?^^ 

pain on iitfectiOT^ SenSSS^™l° ^"^^ clwlaniycln caiues 
well totoSed; Kytoh-S^of^t^r?" P""^ <»-2^ K = POJttJ fa 

by oLi^^^^.J^'^^^*^. «M««^:S0.1tu not weO a«q«ed 
With youns children it t« ^^^^^1*7^ csierj. ur course, when dealing. 
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and anable to dissolve in the saliva. It also inay alter the interactkm of the 
compound with'the taste receptor. 

The antibadterial. sul& diug sulfisoxazote (8 R = H) abo is bitter tastr 
iog, but milfiisaT«7ole acetyl (9J2^, R .» COCH3) is tasteless. For pediatnc use 
this dnig is combined with /the tasteless pipdiug .fcM^/of. erytfuoinycin, 
namely, eiythromycin ethylsuoctnate, in a strawbeiTy-ba^ianarfl)^^ sus> 
I (my 6-year-old loves it). 



A.. Pndnig^to Bliminate FomdaOon PrMm.. FonnaldehydeXCHiO). 
is a flammable; colorless gas with a pungent odor.that is used as a disinfectant.: 
Solutions of fai^ concentrations of formaldehyde are' toxica Consequently , it 
cannot be used directly in medicine^ However, the reaction of formaldehyde 
with ammonia phxlucies a stable adainantane-Iike solid . comix>imd, 
methenamine (B.2t0. In media of acidic pH» inethenamine hydrplyzes to for- 
maldehyde and ammonium ionos. Since the pH of urine in the.bladd^ can be 
made acidic, methenamine is used as. a urinaiy tract antisep^c.^ To prevent , 
hydrolysis of this prodrug in the addic oivlronment of tte stomach, the 
tablets are enteric coated. 

The topical flmBi^tnfic prodnig triskcetin (g^) owes its activiQr to acetic 
add, the product of skin esterase hyiMyds of triaoetin. ' 




r Drng Gviier 



a. Gtnerai Stnttegy, Ahhou^ the prodrug ^Jprbach has been very fruit- 
ful in general, there are three areas that n^eed improvement: site specificity, 
protection of the drug finiom btpdegradation, and minimization of side effects. 
. Another cairier-linked hipai^Xc pmdrug af^^oach that has been utihzied to 
address these shortccmiings ia\htacromdleculiv drug delivery. This is a drug ; 
carrier system in which the drug is covalendy attached to a macroin6lecu]e, .v 
such as a synthetK pcdymer^ a^ycpprotd a Iqminotein, a lec^/a bcR'-r 
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be altered by manipiilatidn of the ^^^i^^v^^: *^ ^^""'"^ 

ering the toxicity) M wril ».^I^^^ ^ wmtaiset tissues (I.e., Jow- 
r^ab»<»IM 

«»iiiWpass tfirough memi«^^^ 
: cte aiid then BiiichS 1^ ^TTT ™ "~ 

iWothec.^aS.^f^^riv^S'''^ which nSv^ 

a»d other nSSSt B«<^«e.«Be:bre.kd«»wn of 

and «*causi thisbna^Wt^^S^v^^ ^ " ^' B-sosoines," 
tiisae a^.^^' ^ "ftl^M anwach to deHvw'SiS 

•n™ to «lea« of{fc 

toxicity. (J) be ModeBradahU hS^if^ ^ ^^'J^at'cally, (4) nrimniie b&M 

stable io its dosage fom S^rfShT™ cbemMally and bibchaiiically 
«ert their ^^i^fSi^^^T^^ '^^^ 

?iUtedtoa,LataediS«»^??L«S "^?°°»'«<=>^ canier system re- . 




8,30 



«nd Drag Oettvoy Syidm 




370 



Because it is necessary for a drug to be released from the polymisr back- 
b<me» steric hindnnoe by the polymer to 'cbeinica] or enzymatic hydrolysis 
may caose problems. For example, when the steroid honnbbe testosterone is 
linked to poly(inethacr^ate) (M2), no azidiogenic effect is Observed; how^. 
ever, when a spacer aim is inserted between the pcdymer and titui teatbsterone . 
(8J9), the inacnnnpleciiter drug caiiier vras as effective as tedtostennie; The- - 
3-thiabatyl cxxide diiun m attachlBd to the potymor'tb enhaiice water . sola- 
bitty. ■ ' r - • - 
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c. PofyiorAmino Adds). . The disadvantage of using synthetic pc^ymers is 
that they are ^aierally not biodegradable and can take~5^li months to be 
eliminated finom the body. Pcdy(ahamino acids) are biodegradable (at least the 
L-isomers are), with the rate of biodegradatnlity dependiiig on the choice of 
' anuno acid.. 

"CoiQpgiBtion of the aniitamor driig methotrexate to.ppiy(L-lysine) CB^; 
attadunent of the polymer also may be . to the cc-caiboxyl group) mvkedly 
increased the celhilar xtptsikit of the (tang and provided a new way to overcome 
drug resistance related to d^dent drug tranispoit.^ As the activity of ntetho- 
•trexate is a ftniction ci its ability to inhiUt dftydrafobite rednc^^ . 
tion III3 bCChapter 4) and 8^34 is a poor inldlsitor of this enzymie in yitro^ the . . 
methotrexate must become detached from the polymer backbone in^kle the 
cell; Farthermore, attachment of methotrexate to p^y(i>:tysine),rwh^ 
like pcdy(L4ysine) does not uiiderip^ proteolytic dig^on inside tlw gave . 



: ILMechanisnisiitf^ . 

. f» equany. tojBc to both kiri£^Jai^^ 'y''?P«»<^: fi~ n«thot.wate 
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was attached y^k nJ^^Z oontraccptiye ii««hindrone 

tamhii. In rats tte coSS^J^ ^ ^^^^ 
■ period; . . • ""'^^^v* ««ent was slowly released over a sSStt 




An etegam example of this wf^^^S^.^L:ji. 
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polynlenc backbone so that the side-chain carboxylfc acid groc^s could be 
functionalized appropuatciy. The watCT-sohibilizing groiq>s.were the iinsiib^ . 
stituted ghrtanMte side-chain cazboxylate gro^s» the antitomcir alkylating 
agent (the p-phiwiylenediamine nmstaind) was attached to the bufli-in spacer 
arm, that is, :to the gfaitamate side chain; and the. homing device yna.an 
immimo^obuhn (Ig) derived from a rabbit antiseram against mous^ lym^ 
phoma cells. This macrbmolecular drag dcHyery system was much more ef- 
fective than , the individual con^onents or a nuxture of the cmiqioneiits. 
Whereas none of the five control mice was a]h« and tumor fieeafto' 60 days,. • 
all five of the polymer prodrng^treatisd mice were. Also, the lhenq»eatie mdex . 
of p-phenylenediamine mustard is greatly enhanced (40-fold) When it is at- 
tached to the pc^ymer system, because it is less toxic to nonnal proliferating 
cells. SimilarresijiU were obtained when the neatral and watCT-^ 
mer dextran was uised.^ . " ■ 




. d. Other MacrooMUeuldr Si^orts, Becai»e inlubitors of DH A synthesis 
generally are tone to normal rapidOly proliferating cells as well, a targeted 
macromolectilar s^yproach to the delivery of the antitumor, agents &>mridine 
. .(&38, it = H) and cytosine aiabiiMside (cytarabine; 8,39, R » H) was taken 
to decrease t|iar toxicity.^ The ..dnii^ w^ae conjugated to alburn^ 
once proteins ^nter -cells, they are ra^ndOiy . broken down' by lysosbmal en- 



to neoplastic cilb or toSlSvS^- 'r*'^'^' 

uptake could be acco^^JJ^i?" "^^ ^^ eelb with hMi^Z 

aye,. Whereas the fiee inhfln^ w^S?- w?™"^" Virus m mouse 
. "WiyinU. activity i^ liv^S^^^t;- tl^ . ■ 




. 8.98. 



, AD^Ane phosphatase (whi^ca^^^^^ i*^**" W-" destroy it. 
fo.«W»ed with a nu.noiloaallS't^lS;^'" ?f phosphate e«^) 
"»™ce. U»«phosphates of etopoiSfflSo r^pS?"°™^ ''^^ 

asrats were admhiistered. Pii^^^^^J ^:]'^9^mtitamm 

"Bunab «™M with the antibodV^^v^^- "^''?'' "bsenred m 

^««ul6:we,eobtiSKn^2b^^ 
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tides or when pdnidnih V amidBseHBUitibody «n^^ were used whfa amide 
prodnigs'of antitunioraiginits. - -T" 



4^ IV^putate PnMlriqp . 

Bipartate prodrdgs may be. iiieffectiye < because the prodrug finkage is too 
labile (e.g. , certain esters) too stable (becanse of steric hindrance to hydrpl- , 
ysis). In a tripartate prwhiig the carrier is iiot connected directly to the dnig; .. 
but rather to: a linker arm which is attached to th^ drug (Scheme 8^Q.^ Thi^' 
allows for (fiffeient kinds of fbiKtional grot^s to be iiicprp(»ated fior var^jog . 
stabilities, and it also disptoccs the drag ferther iCrem the hydroIy.SLS site/ 
wlitcfa decreases, the steric interference 1^ the canier [as was.siiggested by 
RiqgsdorfB for'madvmolecolair dri^ delivery systems (see 834)]. The drog-^ 
tinker connectidn, however, must be designed so that it cleaves spontane- 
ously after the carrier has been detached. One approach to accomplish this 
has been termied tlie!d!oiiAltf pnM(ri<g-or» in the case where X ^ GOO, the 
doabU ester concept. gener^Jized . in Scheme 8.7* (X = COO,. Q. NH;.thei^ 
.dotible ester strategy was showii earlier hi Scheme 8.5). 



■ Tr^MitBte prodrugs. 



. + ROOOM 



. Tlwa Ktrat^y wft« employed hi the Heaign of jtrtvtffiigM of ampicilKn (g^), ft 

/3-lactam antibiotic that is pooriy absorbed when administerDd ciralty. As &nify 
40% of the drug is absoibied, 2.5 tinies nune must beTsufanimster^ than 
by tzQection. FUrtbenncne, the rionabsoibed antibto desbK^y ini^pofta^ 
intestinal bacteria. A Iqrid-sohible prodrug of am|ricillin woidd be .a iisefbl : 
approach to increase ateorption of thedrtig. However, althhiigh ymtods sim-: .■ 
^ alkyl and . aiyl esters at ihi jhha^ 



B. Meditfitena of Prodrug Activatton 
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rapidly to ampiciUin in rbdents thev ai« w »f«wi^ • ' 

caUyusdau. This sngg^T^i^ 

««iatl^,mbstli^^ 

nng is important in the hu^S^^^^^^^ 

construction of a '•douWe^S -^To^i ^ ?^Won to the problem was the 
lin)*?,(Scheme 8.8xlS^^w^ i P^vampicil- 

. enzyme. Hydrolysis ^^^S^JT mh«^ stenc hmdrahce with the 

<*e«»Voscs to ampicfflin and^«?«^^w^¥!^ spqiitancously 
dehyde (irivamm^irS^SS^^ 

body, nanSy CO^^^l^^ w^h are aO natural metabolites in the 
be releaSS^^h 

mlo the bloodstream in less thknT5^^S'«^^ 




BOH 

♦9^ 



Wrti^e^r Trfpai^B prodrugs c 
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The antitiimor agent S-fluorooradl (M4» R » Itl^bas also been usett in tbe . 
tieatmeiit of certain skin diseases. However, becauserof ite.^ I^pophHicity; 
it does not produce <qnimal toincal Woayailainlity^ ATrirAl^oxyn^Bthyl deiiy- 
atives (8^, R = CHsOGORO were p re p ared for increased Itpophnidty/ The 
prodrugs were sbown to penetrate tl^ skin aboni^ fiist^ than 8;44 

(R » H) and to be metabolized to M4 (R ^ H) laindly.^^Tbe mechanism for ! 
conversiao of &44 .(R » CQiOCOR') to 8^ (R = H) is the same as that 
shon« ni Scheme 8^8 for 



Microoiganisms have specialized tianqMrt systems for the uptake of pep>. 
tides (pemuTiUf^h and these tianspoit systems genoBlly have tittle si . 
spedficity . Consequently, peptide derivative of 5-fliiorouracil (8.45) were 
designed as potential antifongal and antibacterial agents that would .be ' sub- 
strates fi^r both mcrobial permeases and peptidases." In accord with the ■ 
known stereodiemical selectivity of peptide permeases, only the pqptidyl .. 
prodrug with the L,L-Gonfiguration was active. The me^sanism for release of 
5-fluoronractl after pqstidase action is shown in Scheme 8.9. . . 




SdMM 8L9. Activation of pepftidyf .derlvanvss of S-ftuorouraeiL 



5* Mutual Prodi ugs . 

When it is 
s time, a 



for' t«w synergistic at. the same site k the 

prodrug approach should be considered. A niunuU pror 



<L Mechanisms of Rrod^Xlfv^ 

W^&a/^lactina^^^ 
l>«Wi deriv toe amoxiS^ 

^P™*«iigpiyampS^^'^^ tte anq^ 

^ r m^O^^S^:^^^'^ V''*-^«>Pl«« thedOubfc wter^X 

vgf^that they art absoil^^ 
time and in equivalim amounT^S^g^^ 

; M, pcnicillahic acid sutfon^Sd'fi^w^K 2^ ^f**^ produces ai^fl. 
in Scheme.8.«.« A mS^^^ 
provided it is wcU abMibea^^Jh!?,^^ * 

pvo drogs occurs at a IM So, and^^^w^^^^^^ combination of the 
componeirta aie siibilar. *sto*ution ai^ cJimiiiatkm p two 
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; this case the azo prbdnig pnmtosil was'iedaaocd to the aniiiie sulfa drag. This 
. excmptifies the bio^rec u rsor strategy. Wheitas canicMiidcbd firodnigs irdi;^. 

laiKely on hydrolysis reactions for thieir efiEBcdveneM, biopr^^ prodrug^' 

inbstly utiiize either oxidative or reductive activadcm le^^ Tte mnvles . 

given below are arranged according to die of inetdwlic activatioa itsac- 

tion invcrfved. : r • ' • " ■ 

2. Oxidative AcH vatkm 

a. Nr ond O'DeaikylaiUms. Open-nng analogs of benzodiazepine 
as the anxiolytic drug aj^prazidam (8^, X H) aad ^ sedative triariilani 
■ (B.50, X ■« GD» nndOBo metabolic N-dealkylation and spontaneous cycliza* .'■ 
tkni (Scheitie 8.1^;^ 




. SoIhmm iLlOi Blopfwcufiof prodnijs tor alprsgolsiH wkt tftogolMW. 

The triazme abtitiimor drugs are also activated by N^dealkylatiqii." One 
important class of analogs is the triazenoimidazoles, such as 5<<33-diiiiethyl7 
.l4nazenyl>>lJ7-imidaz4^e-4Hcaiboxamide (831, dacaibazine) v^ch is act^e 
against a broad range at cancers but is used prrfCTaUy for tlub treatEbent of 
inetazicrtic melanoma.^ Although dacaifaazine is a structmal airalc^ of 5-ami^ . 
. noimidazole^4<azboxamide, an intennediaie in iMiriTO Mosynthesis; the cy^ 
' toxicity of 8;S1 is ;a result of its convension to an alkjdating jiBgeitt, hot its 
strnctnral siini^uity to die metabolic intennediate. With the use of Imetkyl- 
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^JdM^azmc, It ^ shown that foimaldebyde is geneiated and diat die 
DNA ljecom« metii^ea 7 poktioii of guanfa^^^^^tS! 
rationahzes diese iesults is shown in Scheme SSI • ^ 



.8.81 




'•■11. M^Wi^flttloaefONAbydaeaibadn^^ 
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nd Oij^ OjrilvBiy Sydenis 

. b, Oxidative nemaindtiaa, . Because of the l^gh coocentration of plios- 
phpramidases in neoplastfc ceib, hundMs of pbosrpfaa^^ of nitro^ 

gen mustards were synthesized and . tasted as durier-lfaiked aii^tunu>r pith 
drags. Cydi^liosphannde (833» Scheme 8.12) emdtged as w important drug- 
for the treatment of a wide variety of malignant diseases; however, it was later 
found that it was inactive in tissue culture. Preincubation of the cbmpoiuid 
with liver hozm^nates activated it, suggesting that cyClbphpspfaamide.is a. 
prodrug requiring an oxidative mechanism (see Section IV 3,1 of C3iapter 
7).^^ The activation mechanism is believed to be that shown in SdMane 8.12 / 
(there are other metabolites that are not shown in Scheme 8: 12 derived finom 
each of the intermediales). It is hot cliear which of the toxic metabolites, the 
phosphoramide mu^ard (8.56) or the parent nitrogen mustard (HL58E)i is re- 
sponsible for the thOT^>eutic acdon; the m^or adduct iscdated by hi^^ 
mance. liquid chromatography (HPLC) from in vitro and in oAm? studies in rat . 
.|s iy^;i>hydroxyediy0-^42<7-«naiiiny0etfay hydrolysis 
IMraduct of 8.58b. The fraction of oitro0Bii mustards with DNA was discussed • 
in' Chapter 6 (Section m3,p. Acnilek (g^ is a potent Michael acd^tpr : 
that may be re^Minsibie fiir ihe hemotifaagic cystitis side effect; adihinistia- 




DNA 

8.58*. " : : . .. 8.S8b • 

SGtaflwflLll. Cytophrpme /M50^<iatMy»d actM 
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^^s ^^^ ««^l«in. can prevent 

suagcjrted that these detoxification reactions ow 

mal cells than in canr^o*!!. ■ • ^^^?' *^^^™ nor- 

^^^^nma«er cdta, .nay accent for «I»,sa?ctive toUdty of : 

•hazMuum or nwUiyriBdical* i, hactive toSSS^ ™^ r 





■■■ 'una- 

• 8.82.- • 
M*. '. ActiMtnon of p^cartiazine. 



"^otW prodrug aotivatioo reaction is the iwersiWe r^ 

drag dehvery strata of Bodor Bnd <^^e^ tor 
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& Prodrugs and Dnig peOtwy System 

. brainf:" (see Section IIA,2,c). In case of pnJidoxixiie cUori<te iOSUS3), an, 
antidote for poisoning by oi^Banoitfiosphoriis pesticito and nerve. tokiiM, the 
oxidation reaction omyerts the pxodiug to the as wdl as prevents cfflox 
of the dra^ from thie brain. The beufdtoxic cniganoi^osphonis compoimds 
exert their effects by reacting with acetylchoUnesterase, the enzyme found in 
nervous tissue of aO species of animals thiat catalyzes tlie hydrolysis of the 
ncnrotTRnsmiffrr aoetyicjhoKne after it has served its neurofaumoial transinifr- 

- sion fimction. The iactiyiB site ofthe enzyine is believed to contain itra inipbr-* ' 
tant binding stteS y the anionic site that binds the quaternary umnoniuni cation 
of acetylch<dine and the ester site where die catalytic hydrolysis of the acetyl 
group occurs (Scheaae SA4),^ . ^ ; . . ■ 



fl. MBchaniuiis of Pfodiug Activation ■ 




- . Me^NCSijP^OH + CH3OOOH 
jjtea^flcholinailBiBuo ciitiil)gBd hydrolysis .of aosi^^tehoBno> 



s, sqdi as the nerve poison diisopnipyli^^ 
phfHofliiOfidate.CBj^, idiosplibiylase acetylcholinesterase at the ester sfte^ ' 
(Scheme 8.15). It was tfaoog^ that a aucle<>pfailic agent may be cap^Ie of 
dQ>ho^|rfidniating the ester site and reac^v^ating the enzyme. Hythpxyianune 
appeared to be effective but also was quite toxic. Because acetyldbolihester- 
ase has an anionic Mmfing site, quaternary amine analogs were designi^ 
2-formyl"l-methyipyiidinlmn chkmde oxime (praUdoxime chloride.' was 
found to be an dffective reactivator, of the enzyme (Scheme 8^16). However* 
8^ is very poorly sohible in lipids, so its gencratum is most likely restricted 
to the peripheral neryoos system; little reaotiyation of br^ aoetylcholinester- . 
ase was observed j>r inuo.*' Appaieiitly, tfeie effecdveneu of as an funti- 
. dote £01* otganopiiosphorus nerve p6isbns results fiomi the ftct -that . the pri- 
maty damage done bsr-lliese poisons is to thie per^hnal nervous. system. To 




P9«b* th-it a™ w.^'^^^SS^^^kT^^^^ toxic con. 
ester Wndire site in* 
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tiansmission of Impulses across neurannjsGular jti^^ wfaich has a chbi- 
iinomiiiietic iffect on skeletal nhiscle. An exiajiiple of this u 

a dnig used in the treatment of the neinx>nii]scu]ar disease niyasdieiiua v 

■ gnvis. Neostigniine.cartiamylates the active site ^rim residue of acet>i^^ 
linesterase; the caibanxate, however, hydrplyzes slowly so that. ni t£^^ 
acts as a reversible inlMbitdr of the'enzyrn XSclieme 8.lt)* Therefore,, the 
difference in effects of the acetylcholinestenise substrates and inhilntbrs is . 
derived from the stalnliides of the covalent adductSi The acet^atied serine.. 

. formed from acetylcholine (a substrate) bydrolyzes readily.: thib 
serine produced from nrmtjginine (an inhilntor) hyd^oiyzes doWiy; aiid the ' 
phospAiorylated serine, horn oigaiKJphdsphflvus' con^iDunds (inactivators) b. 
stable to hydrolysis. : . - ^ 




+ CO2 + MeaNH 

. 8c1wim8l17. Carbamylation of acetylchoiinesterase by neosUgmlne: 

d. Other Oxidations, Ca)rbaniazepine(8UP7) is an anticonvulsant drug that 
is the metabolic precursor of the active agent, carfaamazepine 10,11 -oxide 
<8US8).^ Cysteine coigugates of the antitumor agent eQiptinium ac<state (8^) 
found in the urine of patients talduDg the that an oxidative inecha> . 

nism is important (Scheme 8.18) and suf^st that ailgrlation, as wen as iiiter- 
calatum^ of DNA by 8i9 inay be a viable .mecfaai^^ 




Stmiulation of pyruvate dehydrograase results in a change of myocardial' ^ 
metabolism from Catty acid to ^ucose utQizadon. Because Uie tatter requires 




3B5 



8eh«n» Actfwrtloh of ^ilfptlnium acetate 
less oxygen k aSfeXlS^t^ad^.^ 

^^ZtS^*^' «.n. R = OH) fa a ^^^^S^Z 




^c^Btotf ^dnig. H* dnig (8.73) was a2o4iiiked at thc^5^t«» 
^^Sivcry systein a« that H i» not 

Stotesiinc. dm bc released by leduction at ^^^^r f^^ 
^rpT^ fa not absorbed or inecabdiiwL T^.^-^^^^S^" 

: tive colitis' mpd^ .'. •; ■•">.•■:"•!.•/•■.'''■•. '••. 




Fteductlw acUvirtlon of suHasalazifm.- 




. ' ■ 8.7S- 

iao»t«^te»S«S^ of cWter 2) of the nonsteroidal antnintoinjii^ : 

^^^^^iT^Sna^ ^^^ irritating to the ^^'^^^^''^^^ 
Sees m^BylS^er and more 

^^andT oto. Therefore, » a prodrug for the sulfide, the ; 

'metabc^i«diiGtioapi6^^ : 



(L Mechanisins of . Piodnig Activation ■ 
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a.76 



: .x. pim^ide Redaction, Beciuise ' thiamin (vitamm Bj; !i^79yM ajquater- 
nary ammoiiium salt; it is poorly ^^soibed into the cential'nervpus system and 
from the. gB^tio tract. To ii^-ease tlu !ipo;^uKcity thiamin • tetrahy- 

diiilbiAiryd disulfide (8.78, Scbeiiie.Bt20) vi^ destigned as a lij^d^^sohiMb pro- 
drug of thiamii^T^ The prbdnig penneates rapidly through red blood cell mem- 
branes (as a modd for othdr membrui^) and reacts with ghitnrhi<me to 
- iiroduce' thinmm^T^ . 




tMrahydibfurftiryt tfiaiiindai to thiamin. 



'. : To diminish tiuB. toxicity of tte aiitimalaiial drug fffHoaquine (BJ80) and' 
taiget it for celis that contain the nudtaria parasite, a macxomoleciilar drug . 

. deliyery system, was designed?^ (8411). like lactose^inked afiiumm was used 
f<K- inqproveid uptake i^ the Uvor via the as^pglyoqiinrteii^ lecqitor system.. 
Because the cxmpentrat^ thi<rf th the .Uood is.'relatively low; iMtt is 

high tntraoeliulsurly, it was ejqMpcted'tibc^ redaction of the disuUSde Bok> 
age would Qcchnr mbst^ inside the celL It is not ki^own if after disul&ie 
rediitctipn the cysteinj^^ hydrolysts ck* remains attached 

to primaquine. The therapeutic index of ; Sill, ho l2 tiiiies hi^ier 

than thait of the fiee drag in Plas/hodium4iatecu4 miee. 



388 




PiodniBS Old Oni9 OsOwBiy Sydons 




d* BioredueOw AOtyiatian, Bioreductive alkylation ia a. prodrag stxalegy 
in ¥iiich an inactive ctmqmuxid is metatelically reduced to an alk^adng 
agent:^ The prototype for ahtitanior antibiotics that act as biornhictiye alkyl- 
ating agents of DNA is mitomycin C CLSZ, Scheme 8.21) which contains three 
tmpaftant carcinostatic fiinctxpiiid gioiips* the quinohe; the aziridine, and the 
carbamate group.^'^ The medumism proposed by Iyer aind; Szybal^:^ as 
nxxlified by Moore and Czerniak''' is shown in Schone 8.21. Rjednction of the; 
■ quinone by one electron to the siexniquinone (JILBS, R » electronXor by, two 
electrons to the hydroquinone (B^, R » H) converts tiie;h«teracyclic nitrtv 
gen fiom a vinylo^us amide nitrogen (the nonbonded electrons the nitro^ 
gen are in cpqjugatkni with the quinone carbbnyl via the intermediate double 
bond), which is not mideciplulK, to ah amine nitrogen,, which can *H««iiiM>te 
• the ^-methoxicfe icMi (9J3). Tautomoization of the resi^ ion . 

CB^MTgives iniuch is set up for sazruliiie ring opening. Tliis acliyati^ the 
drug by unmasking the electrophilic site at C>1 which all^l^tes the DNA 
(8.8$). A subsequent reaction of DNA at OiO (M7) results in the g^s- 
Hnkmg of the DKA (8^: Bean aad i^ihn'' diowed in tfaeimcai models that 
iiucldcvhiks react' niost rapidly at.C-I; the reaction at &lO to displace the 
carbamate also occurs, biit at a slower rale; Reduction d the quinone k:- 
necessary for the covalcnt reaction of 8^ to DNA, but con^versy' ebdstsV 
as to Whether the seiniqiiiiipne (8i.83, R » elwtnm) of hydroqidnone (JU&i\ 
R — ,II}..is tbt viable intermediate.*' Chemical model studies en the mecbar.^ 
msm of actton cif mitomycin C indica^ 

oiccur at the semiqizinone staged and the conversion of 8^ to sJn decors^ 
at the hydroquincrae oxidation state.** ^oth monoalkylated and 
alkylated DNA adducts.haye been identified; the extent of mono- and 




IL MecteiJsTO of ProAug Ac^^ '*•:..* 




qvmone I>a» been synthesSdTS d««^^ '^^^^^^^ tbe hydrt- 

fbie, if t!ie quiidiie meSw.^!. " V?* ?<* ehmiiiate the sugar.** Thdre-; 

SicttM, m,C.i of Ch^p^ST^ — were diicussed in 
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8- Mechantens of 




Anthrttcy^ne antRumor ^ants &8 trforoductfvs ■fkylstors. 



tumor, appropriate concehtraticms of antitiiiDor drugs nmy not reach than • 
prior to diug metabdybm. As these cells mi^t have a more efificieiit redndzig 
envifODinent, biofeductive idkylation seemed to be well suited. Tbie bioifedac- 
tive alkylation appimch bued on i«dnction of a 

hydroquiiiqiie was utilized in tbedeagn of tfa^ Both moiio^ (Scheme ' 

8.23>? ^ Haalkylathig agents (Sdteme 8.2^ were devdogMBd. Electroii- 
rich substitnents lower the rednctiaa potential of the qiiinones and make them 
moxe reactivic'i 




Bbraducttve monoalMattng ageints. 



.. e. Nitro Jto&etfoB. The mrrhanium of action of the ant^notozoal agent 
ronidazoie (BJNO is not known, but on the basis' of metabolism studies using i 
seyeFBl radibaietivcly labeled analq|s» it was siiggrstrd that S^W ^ activated'! 
by initial four-electron lednction of the S-mtip group to the c(»inBsponding| 
. hydraxj^amine which can' react with pirotein tibiols by one of two mechanisoia| 
(Scheme 8.23) » , /; ; 




-SthmBJS, Reductive actlvauon of ronlda^ ' 
4. Nodeotide Activalion V 
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hypbjuuitluhe-gi^^ pho^hor9>osyltiBiu^ - (tiyposmjithme phosplibri- 
bbsyitran^ense) (Scheine S.26)L Tbe nucleotide (SSXi mhibits several en- 
zymes in die purine nticlecitide biosynth^ pathway, but the most proniinent 
site is one of the eaily enzymes in the de novo paihway, namely/ phosphb; 
ribosylpyrc^hosphate amklotransferese (amdpph^ 
which ^talyzes the conversion bf phosphoritK>sylipyrt>plibsphke to p 
phoribpsylanune.^ 5-FliibibarBCii (see Section V,C3>e c^ Ch^ter 5) is simi- 
lar to 6-niercaptopuri]ic> io the sense that it must first be converted to' tiie 
corresponding deoxyiibonadeotide in order for it to.be active. 




The antiviral drug acyclovir R » H) u hii^ eflective against genital 
herpes siniplex virus and varicella zoster vinis infection 
drawn so that it closely resembles the structnre of 2'^deoxyguaii6sine (8.94). 
Acydovir itself is inactive, but it is sdectivdy pbosphorylated by a viral 
thymidine kinase to the c or ie sp onding monbphb^hate CB,93, R » POfO-** 
Uninfected cells do not irfiosphorylate acyclovir, and this accounts for tbit 
selective toxitity of acyclovir toward viral cells. The sec<»id st^ in the acti- 
.yation of acydovir is the convosion of the monophosphate (8*S^, R POf~) 
to the diphosphate (8.93, R » catalyzed by gufuiyiate kinase.^ Hie 

final iBCtivation step is the conversion of the diphosphate to the tiqrfiosidiate 
(8.93, R P|0$~), \(iiich could be accon^lished by a variety, d enzyines, 
. particularly, phosptu^ycerate kinase.'^ Flnther selective toxicity is derived 
from the fast that acyclovir triphosphate is selectively taken up by viral 
. o-DNA polymerases , as its structure resemble that of the. esseaottal DNA 
precursor, deoxyguanosine triphosphate. The Ki far viral oe-DNA polymerase ^ 
is up to .40 times lower than that for normal ceOular or-DNA pc^ymerase.*^*^ 
Acyclovir tiiphos^iate is a substraie fior the viral polymerase but not for tbe^;M 
normal cdltilar polymerBse; however, incovpoiation of acyclovir triphosph^,' 1^ 
' into the viral DNA leads to the formatibn oti^ dead-end complex (an cnzymerJi 
sutefirate conqilex that is nb^ longer- active) after the neA deoxyniicleotkfe^ 
triphbspbate unit is incoipaiated.9 This diaiqiCs the replicatioa cycle of tfaej 



..^f^^ys it, Even if the phosphorylated acyclovir w^ire released 
from tte vmis cen. It would be too polar to be taken up by normal cells, and 
t^^^^^t^' - triphosphate is a poor subst^ for riri^S;^ 
e^MWA j^rfymcr^ anyway. Thcaefore, this drug exhibits a high degree of 
selet^ve toxicity against viral cells,: ■ wgrec. oi 




|ie predated from kbowledge of the mechanism of acyclovir 
^^^^''^ 5^ can occur by three different ^LS^! 
Because of the importance of the thymidine kinaw 
dovir^sistance could arise W^^^ 

^^.^^^ of 2'-«tooxyguaa6sine even closer than *>esa^ov^^ 
coinpound is about as active as acyclovir against hcipcs skSlw^^sL 
^cd^zoster virus but is much more inhSy^a^^IS S 
^^^2^:^' an importimt paflic^ immunJcoibproS«J 
acquned ummme deficiency syndrome (AD>$) patients. 




■ ... 8.95 • " ■ ' 

■J^l ^^^^^^ oral admiitratton. Conse- 

^^r^^'^^Sr^:^'^'':^'^^ biotranZmatio^to 
.^evmeteboht^. .2jW^^^ is 

converted to acy<W by die enzj^ adenbane dcainin^S (catal)^^ 
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hydrolysis ' of adansbe to inbsine), and |5-{uiuii6^SM(2-hydioxy 
. yl^)Uiiiie-(!l^» 6-deoxya(7cIovir) is oxidtol to acjtlpyiF by .nntiiiiie oxi- ' 
dasei^''' The latter compound is 18 times more water'sotiible than acyclovir. In . 
humans urinitfy excretion of acyclovir is 5-^ times greater' is given . 
than an equivalent dose of acydbvir. 



H,N 



X 



'6* Decaitiot&jfaillon ActfratkMi - 

The striatal tracts; vtliich are .impcxtant for the cpixtrol of voluntary move- 
ments, contain a balance of the inhibitory nemotransmitter dopamine and the . 
excitatory neurotransmitter acetylcholine. An imbalance in the dopaminergic 
and cholinergic components produces disorders of movement. In Baricihson*s 
disease there is a marked deficiency in the dopamineigic component w^ch is 
attributed to the loss of dopamineigic neurons in the substantia nigra. The ' 
obvious treatment for Parfdnson> disease would be to. give high d(»es of 
dopamine d&SS, R = H), but this does not work because dopamine does not 
cross the blood-brain barrier. However, there is an active transport system 
for t-amino acids; consequently^ i,-<dopa^J8, R « CC)OH) is transported 
into the bfain ii^ere it is decailMxylated.l^.the pyridoxal 5'-phpsphate- 
dependent enzyme (see Section IIIiA,2 of Chi^er 4) aroinatic*i-.aminb acid 
decarboxylase (also called dopa decarboxjdase) to dopamine. Slxtce the 04,7 
mixture produces unwanted side effects, levodopa .(L^dopa) is Used as. a pro-, 
drug for dopamine; tXnforlxmatdyV because dopanpineisic neuixms cannot be 
. rejuyeiiated, levodopa does not revme course of itfae. disease, it merely 
halts (actually only slows) its progression.^ 




A^ discussed in Section y,C,3,d of Chapters, dopamine is a suBstrate for . 
monoamine oxidase. B; consequently, as leyodopa is^being converted to do- 
pamine in the brain, monoamine oxidase fi. is- degrading -the' dopainiik..i^ . 
inactiVator of. monoamine oxuiase L-deprenyl, is now. used in;a>mbinat]'on - 



- to^P^ of the <topam^ generated by" 




•NHNHj 



8. too. 



ms case the actiyatiiig enzyme is arbmatic-L-amino add decart)oxvl«e J? 
R - H) B a iiH«haiusin.based inacUvatpr (see Section V.C if Ctopte's of 
Mid,(^^uoromethyei»-»i-tyiTOine(8aoi.^ 

«or of MAP. but it is a good substrate for a,x,matic:L-aa,,no a^ S^SX,xw 
Use. wtochconvem 8.101 (R = C^^ Tie anSSlSd 



i 
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(8401, R » COOH) is actively tmnspbrted into ' the centziil nervous. system;., 
and is concentrated in the syiuptosomes. Because brain aiomatic^L^aouno 
adki . decarboxylase is located predominantly in monoamine nerve endmgs, 
8401 (R » COOH) is decarboxylated to 8401 (R » H) at the desired site of 
action. To prevent inactivation of periphcrai MAO A, 8d01 (R = GOOH)i8 • 
adnunistered with caifoidopa, which blocks peripheral. aromaUc-L-amiira .ib^ 
decuboxylase-catalyzed decarboxylation of 8 JOl (R » COQH). Tb^'iesults 
in brain- selective MAO A inactivation viatb little or iio.'per^toal MAO A V. 
inhibition and only a minimal tyramihe effdst. 




8.101 

Not only is dopamine a m^or inhibitory neorotransmitter. but it also plays 
an important role in the Iddneys. Dopamine increases systolic and pulse blood 
pressurie ahd renal blood flow. If it is desired to have selective delivery of . 
dopamine to the kidnejns in order to sittain rnial vasodilation without a Iriood 
pressure effect, a prodrug for dopamine can be tised. There is a high conceh-, 
tration of L^glutiamyltFanspeptidase, the enzyine that catalyzes the transfer 
of the L-ghitamyl group from the N^-tenniiuis of one peptide to smother, in . 
kidney cells. Consequently* an LVy^ghitam^ derivative of an amino acid or ; 
amine drug could be cleaved sdectiyely in the kidneys. L-y-Ghitamyl-L- 
dopa (8J^Q2) is selectively nraimnlaled in. the kidneys, and the L-dopa re-, 
leased by L-gtutainyltranspeptidase (y-glutamyltransfdrase) is decarboxylated 
to dopamine by aromatic-L-amino add decarboxylase, which also is abundant 
in kidneys (Sdieme 8.27).*^® Even at high concentrations of this compound 




8.102 



ScbMN &27. Metabolic activation erf L-y;^lutyamyl4.-dopa to dopamine. 
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UtUe central nervous system effect is apparent. This, then, is an example of a 
sit^ecUyc (arncr-linkcd prodrug of a bioprecuireor piodriig for dopaniioe. 

Dnig design IS typicafly initialed 
codynanuc propCTtics of molecules Cmcrea^ 

pouml may be fouiid that has the desired in vitro properties but has unfevor- 
. Mi in vivo propertiea. It should be apparwati then, fioin the discussion in this 
chaptCT,t|iat it may be possible to alt^ the stnictiirt of the compound to 
improve «ts :pharajacolm tiantfonn it into a 

promising drug candidate. ■ 



* Hall. London; Albeit. A. 1958. Nautrv . 
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